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INTRODUCTION
An accurate count of the number of rounds fired is critical for evaluating the age of a gun tube with respect to its safe service life. Currently, the firing history of each gun is manually recorded on a Weapon Record Data Card that must be accurately maintained throughout the weapon's life. If a card is missing or incomplete, critical information on the safe service life of the gun tube is permanently lost. An electronic round counter has been designed that maintains a history of the rounds fired to supplement the Weapon Record Data Cards [1] .
The round counter uses piezoelectric transducers mounted on the gun to generate electrical energy in response to the strain associated with each fired round. Piezoelectric materials become electrically polarized in proportion to an applied mechanical strain [2] resulting in a conversion between mechanical and electrical energy. A portion of this energy is used by the electronics to update a count in the non-volatile memory of a microcontroller. No batteries or other external power source are required. This eliminates the logistic burden associated with battery replacement and disposal for fielded electronics in accordance with requirements from the Army Capstone Concept [3] . In addition, the electronics can be permanently sealed to minimize the effect of the severe environmental conditions under which the system is expected to operate. Figure 1 shows the model used to represent a piezoelectric transducer [3] , where is the open circuit piezoelectric voltage generated by the strain and C f is the film capacitance. This model was used in determining the film capacitance required to generate sufficient energy to complete a successful update of the cumulative round count to non-volatile memory. This capacitance was then used in defining the configuration of the piezoelectric transducers. A minimum operating value of C f was desired due to the limited surface area available for mounting piezos on the gun system. given in the datasheet and was verified experimentally. In our tests = . A brown-out reset (BOR) prevents corruption of memory which may occur when the chip loses power during operation. A switch and an RC circuit are used to delay the BOR for approximately 100 µs in order to help prevent oscillations of the S-R flip flop at voltages approaching .
MODELS Piezoelectric Transducer

Figure 2. Microcontroller on state and BOR logic circuitry
Microcontroller current-voltage (I-V) characteristics cannot be derived directly from the manufacturer data sheet because they are a strong function of the resources used by the firmware. There are five separate sections of code in our firmware sequence: startup, analog to digital conversion, determining a memory address, updating nonvolatile memory, and system sleep. Each section uses different microcontroller resources and therefore has a unique I-V relationship. A series of tests were conducted to establish these relationships. Microcontroller current was measured at a variety of supply voltages in the range of interest while performing a sequence of operations. Figure 3 shows a typical result of the I-V measurements. For each section of code, current is a linear function of the voltage with a nonzero intercept. Two separate linear stages were used to represent the startup condition to help prevent oscillations associated with a brown-out condition.
The resulting circuit model for the linear I-V relationships is parallel combination of six stages, each of which is comprised of a series combination of a resistor, DC voltage source, and voltage controlled switch. The resistor value is proportional to the slope of the I-V curve and the DC voltage source corresponds to the intercept. The switch is active for the length of time the section of code is executing. Figure 4 shows the six-stage linear circuitry corresponding to each section of code. The first two stages represent chip startup, and the next four stages correspond to A/D conversion, finding an address in memory, updating memory, and system sleep. 
. Implementation of I-V characteristics for each firmware function
The fifth stage of the circuit, updating memory, represents the actual write of a shot count to non-volatile memory. Therefore, successful operation of the round counter is defined by a nonzero current in the last stage of the circuit, which represents the firmware instructions required by the microcontroller to enter into a power saving sleep mode. All operations after the update to non-volatile memory are not essential to the operation of the round counter. Figure 5 . Timing logic Figure 5 shows the timing logic used to control the switches in each stage. The timing is controlled by RC circuits with time constants, = , selected to ensure each stage is active for maximum execution time of each section of code, either measured experimentally or given in the microcontroller datasheet. Each represents the cumulative time from when the chip turns on until a section is complete. As an example, 
DATA
The open circuit piezoelectric voltages were computed using data collected from live firing tests. Transducer voltages were measured for 5 shots each at 5 different energy levels. Figure 6 shows typical piezo voltage profiles for high and low energy shots.
Figure 6. Typical piezoelectric signal profiles for high and low energy rounds
The piezo transducer strain associated with a shot is a single transient event which is considerably lower for low energy rounds. Therefore, there is less energy available to power the round counter circuitry. There is a direct correlation between this energy and the duration of the microcontroller supply voltage, . is generated by signal conditioning circuitry incorporating a low dropout voltage regulator and must remain above until the non-volatile memory is updated. The impact of power loss during operation is mitigated by the BOR but could result in a missed count. While this effect can be partially managed in firmware, the most effective solution is a circuit that operates correctly even in a worst case scenario. LTSpice IV [5] was used to model the circuitry and a breadboard circuit was constructed to obtain the actual profiles. The open circuit piezo voltages were supplied to the circuit through a Piezo Systems EPA-104 linear amplifier using a series capacitor to represent the piezo film capacitance. A Tektronix DPO4104B oscilloscope and a Keithley 6485 picoammeter were used to record the profiles.
To quantify model accuracy, microcontroller energy usage was calculated as
where is the point at which V dd first equals V BOV and is the point at which the write is complete. The resulting energies for the plots in Figure 7 are = 2.021 µ and = 2.047 µ , a difference of 1.3%. The LTSpice circuit model was used to find the minimum value of C f required to update the cumulative count under worst-case conditions for all shots fired. Maximum time required for the firmware to complete a successful write to nonvolatile memory was calculated to be 6.25 ms, and it was determined that piezo voltages can vary by as much as 25% due to temperature and other effects. Figure 8 shows typical simulation results used to compute the length of time is greater than for a high and a low energy round. This time duration was computed for each round at 75%, 100%, and 125% amplitude using LTSpice simulation results. Figure 9 shows Gaussian probability distributions fit to calculated time durations for all rounds using scaled piezo data and the minimum value of C f . The minimum simulated time duration was 6.27 ms. From these results, it can be concluded that the microcontroller will have enough energy to complete a count increment in non-volatile memory for all shots using the selected value of C f . design of an electronic round counter that employs piezoelectric transducers for power. A prototype round counter has been developed and successfully field tested using this approach. This technology reflects the Army's vision of eliminating reliance on batteries and provides a much needed capability to enhance soldier safety.
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